The effect of Ta doping in polycrystalline TiO x and the associated thin film transistor properties Tantalum (Ta) is suggested to act as an electron donor and crystal phase stabilizer in titanium oxide (TiO x ). A transition occurs from an amorphous state to a crystalline phase at an annealing temperature above 300 C in a vacuum ambient. As the annealing temperature increases from 300 C to 450 C, the mobility increases drastically from 0.07 cm 2 /Vs to 0.61 cm 2 /Vs. The remarkable enhancement of thin film transistor performance is suggested to be due to the splitting of Ti 3d band orbitals as well as the increase in Ta 5þ ions that can act as electron donors. Several research groups have recently suggested titanium oxide (TiO x ) as a cost effective n-type semiconductor. 4, 5 The semiconducting behavior of TiO x semiconductors in the form of TFT devices has been investigated using various deposition methods, such as metal-organic chemical vapor deposition (MOCVD), 6 atomic layer deposition (ALD), 7 spray pyrolysis, 8 and magnetron sputtering. 9 In a previous study by the present authors, TiO x films were formed in the amorphous phase or in one of its crystalline polymorphs, namely, anatase or rutile. 10 It was shown to exhibit n-type semiconducting characteristics according to post annealing process. Generally, oxygen deficient states are very important to generate free electrons. In addition, the conduction mechanism was well presented by electronic orbital ordering of TiO x . However, the field effect mobility was relatively low (l sat % 0.1 cm 2 /Vs), and the required annealing temperature was also relatively high (%450 C). Typically, electrical properties of TiO x films were shown to improve by introducing dopant materials such as Ta (Ref. 11) and Nb. 12 Especially, the higher Pauling electronegativity of dopant materials could enhance the electron density between the dopant ion and the nearest host ions that donate electrons. 13 Here, the electronegativity of tantalum oxide (2.4) is higher than that of titanium oxide (1.59) in a similar oxidation state. Furthermore, extra electrons can be easily generated by increasing the density of Ta 5þ ions whereas the Ti 4þ ions are relatively suppressed. 11, [14] [15] [16] In the present work, the electrical performance of Ta-doped TiO x TFTs is evaluated, and the relevant material properties such as crystallinity, electronic structures, and chemical states are also analyzed.
Ta-doped TiO x (TTO x ) TFTs were fabricated with an inverted staggered structure by using radio frequency (RF) sputtering. Heavily doped p-type Si wafers with thermally grown SiO 2 (100 nm) were employed as gate electrode and gate insulator, respectively. The active layers, patterned by fine metal mask (FMM), were deposited using a 3-in. Ti 0.97 Ta 0.03 O x target (with a dark gray color). The applied RF power and working pressure were 75 W and 5 mTorr, respectively. Only Ar plasma was used to perform the sputtering. The thickness of the deposited active layers is approximately 30 nm. As source/drain electrodes, 100 nm-thick indium tin oxide (ITO) films patterned by FMM were deposited by DC sputtering. Post annealing of the devices was performed at 300 C and 450 C in a vacuum chamber (10 Torr). The channel width (W) and length (L) were 1000 lm and 150 lm, respectively. Separately, TTO x films were also prepared under identical conditions for the material analyses. The film microstructures with respect to annealing temperature were observed by X-ray diffraction (XRD) and transmission electron microscopy (TEM). The electronic orbital ordering of the conduction band was analyzed by X-ray absorption spectroscopy (XAS) at the photon factory on beamline-7A located in Tsukuba, Japan. The approximate chemical composition and metal oxidation states were obtained by X-ray photoelectron spectroscopy (XPS). The film thickness and optical band gap (E g ) were measured by spectroscopic ellipsometry (SE). The device performance was characterized by HP 4155A semiconductor parameter analyzer.
Figure 1 Authors to whom correspondence should be addressed. Electronic addresses: kbchung@dankook.ac.kr and jsparklime@hanyang.ac.kr minor hump behaviors near a sub-threshold gate voltage. Also, the drain current increases with increasing gate voltage (V G ) in Figure 1(b) , showing a clear pinch-off and drain-current saturation above 300 C post annealing. The several important parameters such as threshold voltage (V th ), saturation mobility (l sat ), and sub-threshold voltage swing (S.S.) are extracted by using the gradual channel approximation. The parameter values are summarized in Table I . Interestingly, the Ta dopant in TiO x is found to drastically reduce the post annealing temperature necessary to obtain working devices down to 300 C, in comparison with pure TiO x TFTs 10 (which required annealing temperatures above 450 C, not shown here). Generally, electrical properties for TiO x greatly depend on their physical structure and electronic orbital configuration. Thus, it is important to understand the chemical bonding states to elucidate the role of Ta dopant.
Figure 2(a) shows X-ray diffractograms of the films annealed at 300 and 450 C in vacuum ambient. An anatase phase of TiO x appears (101 peak) at 450 C whereas the as-deposited film exhibits an amorphous state. Although the film annealed at 300 C does not show any apparent peak in the X-ray diffraction pattern, polycrystalline structures are observed by plan view bright field TEM images and electron diffraction in Figure 2(b) . The average grain size is approximately 7 nm (300 C) and 14 nm (450 C). Ta is reported to act as a crystal stabilizer in TiO x . 16, 17 The phase transition and grain size are deeply related to electrical properties (including minor hump behaviors and high S.S. values) with their electronic structure in poly-crystalline films. states that are related to electron transitions from TiO 2 and Ti 2 O 3 with oxygen deficient stoichiometries. The origin of the insulator to semiconductor transition may thus be attributed to the d orbital ordering, as observed in the X-ray absorption spectra. 20, 21 Furthermore, the analysis of chemical bonding states was performed in order to investigate the effect of Ta doping. Figures 3(a)-3(c) show Ti 2p, Ta 4f, and O 1s spectra of TTO x films obtained by XPS. The binding energies are calibrated using the Au (84.1 eV) and C (284.5 eV) peaks. As the annealing temperature increases, the density of substitutional Ta 5þ ions is found to increase, at the expense of the Ti 4þ states. Consequently, it is expected that free electrons required for n-type conduction are generated by the increase in oxygen deficient states. In order to investigate the carrier density, hall measurements were conducted using a 0.55 T magnetic field, but the experiments were not successful because the carrier concentrations were well below the instrument's detection limit. An alternative way was attempted, by measuring the relative energy band alignments. The optical band-gap (E g ) and the relative position of the Fermi level (E F ) with respect to the valence band maximum were extracted by spectroscopic SE and XPS, as shown in Figure 4 . The band-gap value decreases only slightly from 3.84 eV to 3.80 eV whereas a remarkable difference between the conduction band minimum (CBM) and Fermi level (E F ) occurs with increasing post annealing temperature. The carrier density can be approximated as n ¼ N C e ÀðE C ÀE F Þ=kT , where N C is the effective density of states in near the conduction band minimum and k is the Boltzmann constant. The carrier density of approximately 10 13 cm À3 was obtained in the 450 C annealed film by direct hall measurement. However, the other films did not obtain any value due to the instrument's detection limit (not be measured). So, the estimated carrier density is roughly calculated by using the difference between CBM and E F . The rough calculation values drastically increased from $10 10 /cm 3 (300 C) to $10 13 /cm 3 (450 C). 10, 22 The device properties clearly reflect such differences in carrier concentration.
To summarize, TFT devices using RF-sputtered Ta-doped TiO x as active layer were evaluated with respect to post annealing temperatures in a vacuum ambient. As the annealing temperature increased from 300 to 450 C, the saturation mobility increased from 0.07 cm 2 /Vs to 0.61 cm 2 /Vs. Electronic structure analyses by X-ray absorption spectroscopy revealed that thermally activated Ta 5þ ions induce relatively high concentrations of oxygen deficient states, which in turn act as electron donors. Such a phenomenon becomes more pronounced at higher annealing temperatures and is thus suggested to be the origin of TFT performance enhancement. Compared with pure TiO x , the incorporation of Ta dopant stabilizes the anatase structure at relatively lower annealing temperatures and helps to increase the saturation mobility of the TFT devices by inducing higher carrier densities.
